Polymer-infiltrated ceramic-network (PICN) dental material is a new and practical development in orthodontics.
Background
Computer-aided design and computer-aided manufacturing (CAD/CAM) are currently gaining popularity in esthetic dentistry and prosthodontics with dental materials under development to support the emerging restorative (filling) dental materials market [1] . Currently, ceramics and polymers are the two main restorative materials in esthetic dentistry [2] . Ceramic materials show excellent biocompatibility, good wear resistance, and good corrosion resistance, with similar aesthetic performance to natural teeth. However, brittleness is the weakness of ceramic materials, and when the deformation is between 0.1-0.3%, fracture failure may occur. When subjected to repeated chewing and non-axial loading, a tiny crack inside the material will expand and cause the ceramic material to undergo fatigue damage, eventually leading to the destruction and failure of the restoration [3] [4] [5] . Also, the elastic modulus and hardness of ceramic materials are much greater compared with those of natural teeth, which can result in excessive wear on the opposing teeth during daily use [6] . Sintering, the process of forming a stable solid mass from a powder by heating without melting, can be used with ceramics.
However, resin materials used in dentistry have high ductility (malleability), are simple to manufacture and use, and are antagonist cusp friendly. However, the curing shrinkage of resin materials, low mechanical properties, and poor wear resistance restrict their further development and application. Although attempts have been made to improve resin restorations, and their mechanical properties have improved to some extent, the use of direct dental composites is accepted only for small restorations, and the results of the use of large resin restorations remain poorly understood [7] . Therefore, there is a need to develop a new dental restorative material that incorporates the benefits of both ceramic and resin materials and provides characteristics similar to those of natural teeth. This goal has attracted recent research on the use of dental materials, and several relevant products have been developed recently.
In 2014, a new generation of ceramic dental materials was developed, including Vita Enamic (Vita Enamic Co., Vita Zahnfabric, Germany), which is the world's first hybrid dental ceramic, having a dual-network structure that combines the best properties of ceramic and composite materials [8, 9] . The hybrid ceramic, known as a polymer-infiltrated ceramic-network (PICN) dental material, consists of a sintered ceramic matrix containing pores that are filled with a polymer material, resulting in flexural strength, hardness, and fracture toughness values of 150-160 MPa, 2.5 GPa, and 1.5 MPam 1/2 , respectively. Since 2014, more PICN dental materials have been developed, with differences between their mechanical properties, which are affected by parameters that include the density of the ceramic network and the sintering temperatures used.
The aim of this study was to evaluate the effects of sintering temperature on the mechanical properties of a PICN zirconia dental material and to compare these mechanical properties with other PICNs. The hypothesis that drives this study is that the optimal performance of PICN zirconia dental material will be achieved at a specific ceramic network density and sintering temperature.
Material and Methods

Manufacturing of samples
Nano-sized zirconia powder (TZ-3YB-E) (Tosoh, Japan) was used to prepare specimens by the cold isostatic press (CIP) and dry press methods. Different porosities of the samples were achieved by adding varying amounts of polyethylene glycol (PEG). The nano-sized zirconia powder and PEG were mixed in specific ratios, and the mixtures were then uniaxially compacted at 20 MPa in a stainless steel die for 30 s, and recompressed by the CIP method at a pressure of 200 MPa for 5 min. After pressing, blocks of the materials were selected for sintering at increasing temperatures of 1,100°C, 1,200°C, and 1,300°C in a Thermolyne high-temperature tube furnace (Motoyama NH-2025D/MS 1368, Japan). The sintering temperature was first increased at a ramp rate of 5°C/min, from room temperature to 500°C, held for one hour, heated at the same rate to the peak temperature, held for six hours, and then furnace-cooled.
After sintering, some of the blocks were filled with polymer to form the polymer-infiltrated ceramic-network (PICN) zirconia dental material. The porous zirconia ceramic network structure was infiltrated with a mixture of two monomers, triethylene glycol dimethacrylate (TEGDMA) and urethane dimethacrylate (UDMA), which were mixed in a 1: 1 (mol) ratio in a vacuum chamber [10] .
To improve the adhesion between the ceramic and polymer, the porous ceramic network was conditioned with the coupling agent, methacryloxypropyltrimethoxysilane (MPS), before the monomer was infiltrated [11, 12] . Therefore, the polymer network was chemically cross-linked to the ceramic network to form an interpenetrating network system. Then, polymerization reactions were conducted at 180°C and 300 MPa for one hour to form a polymer network, leading to the formation of the PICN material [1] .
PICN dental materials tested
Twenty-eight materials were tested in this study: three dense zirconia ceramics and twelve PICN zirconia dental materials with varying porosities sintered at three different temperatures; twelve PICNs based on the porous ceramics mentioned described above; and the pure polymer. The densities of the ceramics were measured using a method based on the Archimedes' principle of water displacement, and the dense zirconia ceramics were considered to be 100% dense. The densities of the porous ceramics were determined based on the corresponding dense ceramics. Details of the tested materials are provided in Table 1 .
Flexural strength and elastic modulus
After manufacturing, each group of specimens (n=5) were cut out of blocks with a diamond saw to enable measurements of the flexural strength and static elastic modulus. All bending bars (20×3×2.5 mm 3 ) were polished using diamond-embedded wheels of 45 µm grit size with water and then to 2.5 and 1 µm with polycrystalline diamond paste. The flexural strength of the specimens was evaluated via the three-point bending test (Instron 5566) (Instron, Norwood, MA, USA) with an acrosshead speed of 0.5 mm/min. The load and the corresponding deflection were recorded. The flexural strength d f was calculated according to the formula (ISO 6872) [13] :
Where f was the load at fracture, l was the span tested (here, 16 mm), w the width and h the height of the specimen.
The elastic modulus was calculated according to the threepoint bending results using the equation [8] :
Where d was the deflection corresponding to the load f, and dc and fc were the calibration values of d and f, respectively.
The mean values and standard deviations (SD) of the flexural strength and elastic modulus are listed in Tables 2-4 .
Fracture toughness
After polishing, the beams (20×3×6 mm 3 ) for the fracture toughness test were pre-notched to a depth of 3 mm through a width of 6 mm at the mid-span of each bar, using a high-speed cutting machine. The final length of the notch was measured using a microscope. The fracture toughness of the notched beam was determined by the standard single-edge notched beam (SENB) method [14] , using a stroke rate of 0.05 mm/min, and a three-point bending apparatus (Instron 5566) (Instron, Norwood, MA, USA) with a span of 16 mm.
The KIC was calculated using the equation:
where f was the fracture load, l was the roller span, b was the breadth of the bar, w was the width of the bar, and a was the length of the notch.
Vickers hardness test (method HV5)
The specimens (20×12×5 mm   3 ) were polished to a high-luster finish. The Vickers hardness test (method HV5) was then used with an indentation strength (IS) test to measure the indentation strength at a load of 3N with a dwell time of 20 s (Tukon 2100B) (Instron, Norwood, MA, USA). The hardness was determined using the equation [15] :
where f was the load and d was the diagonal indentation length.
Scanning electron microscopy (SEM)
Representative samples were gold-coated for scanning electron microscopy (SEM) using a SU3500 microscope (Hitachi High Technologies, Japan). SEM observations were made on the morphology of both the polished and the fractured samples.
Statistical analysis
The results were expressed as the mean ± standard deviation (SD). One-way analysis of variance (ANOVA) was used for comparison of parametric data. Statistical analysis was performed using SPSS for Windows, version 22.0 (SPSS Inc., Chicago, IL, USA). A p-value <0.05 was considered to be statistically significant. Tables 2-4 show that the when analyzed by one-way ANOVA, the flexural strengths of the PICN material were significantly greater compared with those of the pre-infiltrated ceramics (p<0.05).
The flexural strengths of the materials sintered at the three different temperatures are shown in Figure 1 . The flexural strength increased with increasing sintering temperature, but the degree of increase tapered off. One-way ANOVA analysis indicated significant differences between the three groups with respect to the flexural strength. The elastic modulus values of the materials tested are shown in Tables 2-4 and Figure 2 .
An increase in material density resulted in higher elastic modulus values at the same sintering temperature. The 100-value (x-axis) of 186.79 GPa corresponded to the elastic modulus of the dense ceramic sintered at 1,300°C, as shown in Figure 2 .
As the density decreased, the elastic modulus of the PICN material dropped to 40.24 GPa. Tables 2-4 show that as the sintering temperature increased, the elastic modulus values increased, in both the porous ceramics and PICN. Statistical analysis showed that there was a significant difference in the elastic moduli between both groups with different densities at the same sintering temperature (p<0.05), and the groups with different sintering temperatures at the same density (p<0.05).
Fracture toughness
The values of the fracture toughness derived from Equation (3) are shown in Tables 2-4 . Except for 1300°C PICN 92% and PICN 85% (p=0.161) and the 1300°C porous ceramic 92% and 85% (p=0.586), significant differences in the fracture toughness were found. In contrast to the other mechanical properties, Figure 3 shows that an increase in the sintering temperature, from 1100°C to 1200°C resulted in a significant increase in the fracture toughness and then a slight decline from 1200°C to 1300°C (p<0.05).
Hardness
The results of the hardness test were similar to those of the elastic modulus. The data on PICN materials sintered at 1300°C from the indentation strength (IS) system showed important differences in the hardness values between the upper and lower boundaries at 13.14 GPa and 0.23 GPa for the dense ceramic and polymer, respectively. The hardness values were significantly different (p<0.05) (Tables 2-4; Figure 4 ). Scanning electron microscopy (SEM) Figure 5 shows the scanning electron microscope (SEM) images of the pre-infiltrated porous ceramic with 74% sintered at 1,300°C ( Figure 5A ), PICN with 74% sintered at 1,300°C ( Figure 5B ), fracture surfaces of dense zirconia ceramic sintered at 1,300 °C ( Figure 5C ) and fracture surfaces of the PICN material with 74% sintered at 1,300°C ( Figure 5D ). Figure 5A shows that the PICN material was composed of irregularly-shaped ceramic phases, resulting in irregular pores that were connected with each other. Figure 5B shows that the dominant ceramic network structure and the reinforcing polymer network structure were merged fully with one another. On the SEM images, the light gray areas represented the ceramic network structure, and the dark gray areas showed the polymer network structure. Typical cracks for the dense zirconia ceramic were detected ( Figure 5C ), but no propagating cracks were detected for the PICN with 74% sintered at 1,300°C ( Figure 5D ). The remaining specimens had similar microstructures and fractographic features, except that the ratio between the porous ceramic and polymer contents was different; these findings have not been included.
Discussion
The hybrid polymer-infiltrated ceramic-network (PICN) zirconia dental material described in this study represents an important development of computer-aided design and computeraided manufacturing (CAD/CAM) of dental restorative (filling) materials. This study was primarily conducted to evaluate the mechanical properties of the new PICN materials and to identify the parameters that could influence their mechanical properties. The findings of this study support the previously reported findings of Coldea et al., on PICN zirconia dental material [2] . In this present study, four different PICNs and three different sintering temperatures were evaluated, which showed that the mechanical behaviors of the PICNs were similar to those of human enamel and dentin. A review of the literature on the physical properties of human teeth has shown that enamel has an elastic modulus, hardness, and fracture toughness of 48-105.5 GPa, 3-5.3 GPa, and 0.6-1. Tables 2-4, show that the higher initial density of the pre-infiltrated ceramic at the same sintering temperature gave both the porous ceramic and PICN superior mechanical properties (flexural strength, elastic modulus, fracture toughness, and hardness), although there was no significant difference between the groups. Also, the mechanical properties of the PICNs were significantly greater than those of the pre-infiltrated ceramics.
Flexural strength is a meaningful mechanical property for brittle materials [16] . The PICNs sintered at 1,300°C showed flexural strength values in the range of 106.81-211.77 MPa for the four different porosities. These values were comparable with that of dentin, 212.9 (±41.9) MPa [17] . Therefore, PICN dental material should be able to resist the shear and compressive forces of the anatomic system that includes the teeth, jaws and soft tissues (the stomatognathic system), allowing the PICN dental material to be used in a variety of dental applications.
In this study, similar trends were found for the elastic modulus. The elasticity values of 40.2-100.5 GPa (1,300°C PICN) are slightly lower than those of the human enamel (between 48-105.5 GPa) [18, 19] . To date, no dental restoration material has exhibited values in this elastic modulus range. The other two temperature groups had lower elastic modulus values. A high elastic modulus material absorbs less stress, and the excess stress will concentrate near the interface due to the modulus mismatch between the restorative material and the human teeth, causing tooth damage during mastication loading [20] . Owing to the elastic modulus match with enamel, the PICN may offer a more uniform stress distribution, especially during loading, and the tooth will be protected from cracking.
Tables 2-4 also show the fracture toughness of the materials. Fracture toughness has been reported as one of the key properties associated with the clinical performance of dental materials [21] . In comparison with other restorative dental materials, almost all the infiltrated-ceramic materials have high fracture toughness, which is slightly greater than that of the Vita Enamic PICN zirconia dental material (K1c~1. ). Therefore, it is not surprising that, in this study, the PICN with a greater polymer fraction was characterized by lower fracture toughness. The reason for this phenomenon was explained by the ceramic network. When the sintering temperature was 1,100°C, the influence of the ceramic precursor was more significant. Figure 6 shows that the fracture toughness of the PICN with increasing polymer content decreased, although the degree of this decrease tapered off. This result suggests that, due to the addition of the polymer, the fracture toughness of the PICN was reinforced.
To explain the strengthening mechanism of sintering and polymer infiltration, previous studies have shown that the crack growth in the PICN was hindered by different strengthening mechanisms [22] . In previous studies that have tested PICN, the reinforcement was found to be mainly attributed to polymer bridges [11] . Other strengthening effects typical of ceramic-polymer composites are crack branching and crack deflection [23] . The microstructures of the propagating crack surfaces of the PICN zirconia dental material are shown in Figure 5C and 5D, indicating that the polymer infiltration significantly changed the fracture pattern of the ceramic. The scanning electron microscope (SEM) imaging ( Figure 5C ) of the dense zirconia ceramic cracks did not show any obvious branching and deflection, whereas that of the PICN did ( Figure 5D ), which indicates that the polymer infiltration successfully hindered the crack growth and gave the materials high fracture toughness. In summary, the tendency for the brittle fracture of the PICN is lower than that of the pure ceramics, and excellent CAD/ CAM handling can also be achieved [9] In this study, the level of hardness of the PICN 74% sintered at 1,300°C was approximately 3.93 GPa, which is intermediate between that of dentin (0.6-1 GPa) [24, 25] , and enamel (3-5 GPa) [19, 26] . The hardness levels of the dense ceramics sintered at 1,300°C (13.14 GPa) were significantly greater than that of enamel. A dental material that is harder than natural enamel may cause more severe wear on the opposing dentition [27] . Therefore, with the lower hardness levels of PICNs when compared with most commercial dental ceramics, the opposing teeth will be protected from excessive wear.
As shown in Figures 1-4 , all the mechanical properties, except the fracture toughness, of the materials in this study had similar increasing trends as the sintering temperature increased from 1,100°C to 1,300°C. When the sintering temperature was increased, the increased grain growth or inter-particle contact may occur, resulting in increased density and strength. Therefore, the density and strength of the samples that were sintered at high temperature was greater when compared with those at a low temperature. Also, the flexural strength, elastic modulus, and hardness increased rapidly from 1,100°C to 1,200°C, and then slowly increased to 1,300°C. This result demonstrates that the 1,100°C temperature results in a below normal zirconia ceramic densification, whereas 1,200°C was near the peak temperature for densification. The fracture toughness significantly increased, when the temperature rose from 1,100°C to 1,200°C, although when the temperature was increased to 1,300°C, the fracture toughness decreased slightly. The ceramic transition temperature ranged from 1200°C to 1300°C. The reason for the rising fracture toughness may be similar to that mentioned above. The slight decrease in the trend of fracture toughness from 1,200°C to 1,300°C may have originated from the constantly increasing grain size and decreasing pore size associated with the higher processing temperature.
A previously published study showed that the fracture toughness of the zirconia ceramic was greatest when the grain size of the zirconia was approximately equal to the critical grain size [10] . Considering the trend of the fracture toughness, it is reasonable to suggest that the critical grain size of the zirconia ceramic appears at a temperature between 1,200°C and 1,300°C. An explanation for the decreased fracture toughness is residual stress from the polymerization shrinkage of the heatcured polymer [10] . The tension stress has to be overcome in the process of rupture, and the crack tip can also be shielded because of the residual stress around the ceramic particles. Residual compressive stress can counteract tensile stress, which prevents the crack from propagating and enhances the strength. A higher sintering temperature of 1,300°C results in smaller pore sizes than 1,200°C, and small pores are generated when less compressive force exists after the curing process. Therefore, the fracture toughness of PICN at 1,300°C was slightly lower than that at 1,200°C.
The findings of this study have shown that PICN zirconia dental material has the potential to be successful in the dental restorative materials market. Comparing the results of this study with the characteristics of the structure of natural teeth, a promising step towards replicating the composition of natural teeth has been realized by optimizing the ceramic network density and sintering temperature with PICNs. However, the main drawback is that the traditional method used to produce the PICN results in an irregular porous ceramic network, which gives the ceramic body low homogeneity and thus decreases the mechanical strength of the materials [28] . Threedimensional printing is an alternative route that offers versatility and high precision, and is also environmentally friendly, and allows tailored pore structures [29] . It is accepted that greater structural stability results in improved structural properties of dental materials [30, 31] . Therefore, further studies are required to optimize the microstructure of the porous ceramic network through three-dimensional printing, to replicate the structural and mechanical properties of dentin and enamel. These further studies are ongoing in our laboratory.
